Adrenal hypoplasia congenita (AHC) is an X-linked disorder that typically presents with adrenal insufficiency during infancy. Hypogonadotropic hypogonadism (HHG) has been identified as a component of this disorder in affected individuals who survive into childhood. Recently, AHC was shown to be caused by mutations in DAX-1, a protein that is structurally similar in its carboxyterminal region to orphan nuclear receptors. We studied two kindreds with clinical features of AHC and HHG. DAX-1 mutations were identified in both families. In the JW kindred, a single base deletion at nucleotide 1219 was accompanied by an additional base substitution that resulted in a frameshift mutation at codon 329 followed by premature termination. In the MH kindred, a GGAT duplication at codon 418 caused a frameshift that also resulted in truncation of DAX-1. Baseline luteinizing hormone (LH), follicle-stimulating hormone (FSH), and free-␣ -subunit (FAS) levels were determined during 24 h of frequent (q10 min) venous sampling. In patient MH, baseline LH levels were low, but FAS levels were within the normal range. In contrast, in patient JW, the mean LH and FSH were within the normal range during baseline sampling, but LH secretion was erratic rather than showing typical pulses. FAS was apulsatile for much of the day, but a surge was seen over a 3-4-h period. Pulsatile gonadotropin releasing hormone (GnRH) (25 ng/kg) was administered every 2 h for 7 d to assess pituitary responsiveness to exogenous GnRH. MH did not exhibit a gonadotropin response to pulsatile GnRH. JW exhibited a normal response to the first pulse of GnRH, but there was no increase in FAS. In contrast to the priming effect of GnRH in GnRH-deficient patients with Kallmann syndrome, GnRH pulses caused minimal secretory responses of LH and no FAS responses in patient JW. The initial LH response in patient JW implies a deficiency in hypothalamic GnRH. On the other hand, the failure to respond to pulsatile GnRH is consistent with a pituitary defect in gonadotropin production. These two cases exemplify the phenotypic heterogeneity of AHC/HHG, and suggest that DAX-1 mutations impair gonadotropin production by acting at both the hypothalamic and pituitary levels. ( J. Clin. Invest. 1996. 98: 1055-1062.)
Introduction
Adrenal hypoplasia congenita (AHC) 1 is an inherited disorder which most often presents in infancy with adrenal insufficiency and severe salt-wasting. AHC occurs in two distinct forms; the X-linked or cytomegalic form (1) , and the autosomal recessive miniature adult form (2) . The adrenal glands in the X-linked form lack the permanent zone of the adrenal cortex and are characterized by large vacuolated cells resembling fetal adrenocortical cells (3, 4) . Although the clinical presentation with cortisol and mineralocorticoid deficiency is similar to that of males with congenital adrenal hyper plasia, in AHC there is an absent or blunted response of precursor steroids after stimulation with ACTH, and there is no evidence of androgen excess. AHC is lethal if left untreated with glucocorticoids and mineralocorticoids (1) .
Isolated hypogonadotropic hypogonadism (HHG) is also a feature of this syndrome, but it was recognized only after treatment with adrenal steroids allowed survival beyond childhood (5) (6) (7) (8) . The deficit in pituitary hormones is selective for gonadotropins (LH, FSH) as the production of other hormones (ACTH, TSH, Prl, GH) is normal. Whether the HHG is a result of hypothalamic or pituitary dysfunction, or both, is unclear (9) . A primary pituitary defect is supported by several studies in which patients show little or no response to prolonged treatment with pulsatile GnRH (9-12). However, other studies report patients who have responded to pulsatile gonadotropin releasing hormone (GnRH), suggesting a primary defect at the level of the hypothalamus (13, 14) .
Until recently, genetic confirmation of the disorder in newborn males, and identification of the carrier state in females, was not possible for families with X-linked AHC. However, the gene responsible for this disorder has now been identified on the X-chromosome, and is referred to as DAX-1 (15, 16) . The DAX-1 gene was localized by studying patients with contiguous gene syndromes in which the AHC locus was deleted along with adjacent loci including the Duchenne muscular dystrophy and the glycerol kinase genes (17) . Subsequently, point mutations and rearrangements in the AHC locus were found, confirming that DAX-1 is responsible for this disorder (15, 16, 18) . Mutations in the DAX-1 gene appear to be sufficient to account for both AHC and HHG phenotypes (16) .
DAX-1 encodes an unusual protein that resembles members of the orphan nuclear receptor family in its carboxy terminus, while having a unique amino terminus with several repeated zinc finger motifs that are distinct from those typically found in nuclear receptors (15) . DAX-1 has been proposed to serve as a transcription factor that is involved in development of the adrenal cortex and pituitary gonadotropes (15) .
In this report, we describe molecular genetic and clinical studies in two kindreds with X-linked AHC and HHG. We identified two previously unreported mutations in the first and second exons of the DAX-1 gene. The etiology of the hypogonadotropic hypogonadism was also investigated by performing frequent gonadotropin sampling and assessing responses to pulsatile GnRH. Based upon these studies, we describe substantial phenotypic variability in gonadotropin production and propose that hypogonadotropic hypogonadism results from dysfunction at both the hypothalamic and pituitary levels.
Methods

Case presentations
Kindred JW. This family of Northern European descent has four living males affected with AHC ( Fig. 1 A ) . The proband (patient IV:2) presented at 5 wk of age with vomiting, lethargy, fever, watery diarrhea, severe hyponatremia (Na ϩ ϭ 96 meq/liter), and hyperkalemia (K ϩ ϭ 6.8 meq/liter). Genitalia were normal without cryptorchidism. He was diagnosed initially with salt-wasting congenital adrenal hyperplasia. ACTH levels were elevated, but adrenal precursor steroids were not elevated (data not shown). Adrenal steroid responses to cosyntropin (Cortrosyn Organon, Durham, NC) were blunted. Family history revealed two male cousins, also carrying a diagnosis of saltwasting congenital adrenal hyperplasia. Patient IV:3 developed dusky spells, low body temperature, and hypoglycemia in the first 24 h of life, with hyponatremia (Na ϩ ϭ 129 meq/liter) and hyperkalemia (K ϩ ϭ 6.2 meq/liter) at 14 d. His younger brother, IV:4 developed dehydration and weight loss at 2 wk of age. Neither infant had elevated adrenal steroid precursors. The proband's uncle (III:7) sought medical attention at 8 yr of age when he developed fatigue and generalized hyperpigmentation, and he was diagnosed with Addison's disease. He was reportedly asymptomatic before the age eight, although his sisters recall that he favored salty foods. At age 14, he was diagnosed with hypogonadotropic hypogonadism. On physical examination at age 26, after receiving several years of monthly injections of testosterone enanthate, he was slightly hyperpigmented, Tanner stage V for pubic hair, and testicular volume was 6-8 ml bilaterally. Patient III:8 was the product of a fraternal twin gestation. He had difficulty feeding and gaining weight, and he died at 5 wk of age. An autopsy report revealed bilateral cryptorchidism, hydrocephalus, and large adrenal vacuoles. The description of his adrenal glands was consistent with adrenal hypoplasia congenita, although the diagnosis was not made at the time. The constellation of findings in this family led to the diagnosis of adrenal hypoplasia congenita in the affected males, all of whom are now maintained on hydrocortisone and fludrocortisone acetate. None of the four affected males have cryptorchidism or microphallus, and none have evidence of contiguous gene deletion syndromes (16, 19) . Blood was collected from 13 family members for DNA sequence analyses (see below). These same family members also underwent cosyntropin stimulation tests (250 mg cosyntropin IV) to assess adrenal steroid response. With the exception of the affected males, all had normal responses, including the female carriers (data not shown).
Kindred MH. Patient IV:1, also of Northern European descent, presented at 2 wk of age with hyponatremia (Na ϩ ϭ 115 meq/liter) and hyperkalemia (K ϩ ϭ 10.2 meq/liter) ( Fig. 1 B ) . He had a normal phallus and descended testes. He was diagnosed with salt-wasting congenital adrenal hyperplasia and was placed on hydrocortisone and fludrocortisone acetate. Adrenal precursor steroids were never elevated, even in response to stimulation with cosyntropin. At 15 7/12 yr of age, physical exam revealed a thin boy with generalized hyperpigmentation. Testicular volume was 3 ml bilaterally. His penis was 11.5 cm in length, 3.5 cm in breadth, and there was sparse pubic hair. Testicular biopsy revealed sclerosis of the seminiferous tubules and absence of interstitial cells. Bone age was markedly delayed (11 yr). LH, FSH, and testosterone were low and there was no LH or FSH response to a single 100 g IV GnRH bolus (data not shown). His diagnosis was changed to adrenal hypoplasia congenita with idiopathic hypogonadotropic hypogonadism. No other family members were known to be affected, however, a maternal uncle died in infancy of unknown causes. Subsequently, a nephew (V:1) developed hyponatremia and hyperkalemia at 19 d of age. Physical examination revealed normal genitalia and testes. He, too, was initially diagnosed with salt-wasting congenital adrenal hyperplasia, but this diagnosis was changed to adrenal hypoplasia congenita after learning of his uncle's diagnosis. Neither patient has evidence of contiguous gene deletion syndromes. Blood was obtained for DNA analysis from the in- fant (V:1) and his mother. Blood was unavailable from the patient with HHG at the time of this study.
PCR amplification and sequencing of the DAX-1 gene
After obtaining written informed consent, genomic DNA was extracted from peripheral blood leukocytes. Based on the published DNA sequence of DAX-1 (15), exons 1 and 2 were amplified by the PCR using primers specific for these regions. The primer sequences for exon 1 were: 5 Ј GCAGAACTGGGCTACGG 3 Ј (sense) and 5 Ј GGCCCACATGACTTTTAT 3 Ј (antisense). PCR of exon 1 was performed in a 50 l reaction containing 1 g of genomic DNA, 50 pmoles each primer, 1.5 mM each dinucleoside triphosphate, and 5 U Taq DNA polymerase (Promega Biotec, Madison, WI), in a buffer consisting of 6.7 mM Tris (pH 8.8), 6.7 mM MgCl 2 , 16 mM (NH 4 ) 2 SO 4 , 16 mM ␤ -mercaptoethanol, and 10% DMSO. After a 3 min hot start at 94 Њ C, the DNA was denatured for 1 min at 94 Њ C, and the primers annealed for 1 min at 60 Њ C. The DNA extension was performed at 72 Њ C for 1.5 min. After 25-30 cycles of PCR, the reactions were completed by a final extension at 72 Њ C for 15 min. The primer sequences for amplification of exon 2 were 5 Ј TGCAGTGCGT-GAAGTACA 3 Ј (sense) and 5 Ј GCGCCACATGACTTTAT 3 Ј (antisense). PCR of exon 2 was performed in a 50 l reaction containing 200 ng of genomic DNA, 30 pmoles each primer, 0.2 mM each dinucleoside triphosphate, and 2.5 U Taq DNA polymerase (Promega Biotec) in a buffer consisting of 10 mM Tris-HCl (pH 9.0), 50 mM KCl, 5.5 mM MgCl 2 , and 0.1% Triton X-100. After a 2 min hot start at 96 Њ C, the DNA was denatured for 1 min at 94 Њ C. Primers were annealed at 54 Њ C (45 s) and extension was performed at 72 Њ C (45 s). After 35 cycles of PCR, reactions were terminated by a final extension at 72 Њ C for 5 min. The purity and abundance of the PCR products were confirmed by analysis of ethidium bromide stained agarose gels.
PCR products were purified from agarose gels using the Mermaid kit (Bio101, Inc., Vista, CA) and subcloned into the pCR II vector using the TA cloning kit (Invitrogen, San Diego, CA). The DNA sequence of both strands was determined by Taq cycle sequencing using a 373A automated sequencer (Applied Biosystems, Foster City, CA). A minimum of four subclones were sequenced in affected patients and eight subclones were analyzed in potential heterozygotes.
Restriction analysis to detect DAX-1 mutations. In the JW kindred, the identified mutation altered the restriction site for the enzyme MspI. PCR of exon 1 was performed on all available JW family members. Subsequently, PCR was repeated in the presence of 32 P-labeled dCTP using two new primers (5 Ј CCCGTGGCACTCCTGTA 3 Ј and 5 Ј GCCTCAGCGGGCCTGTT 3 Ј ). An aliquot of the PCR product (30 l) was passed through a Centrisep column (Princeton Separations, Adelphia, NJ), lyophilized to dryness, and resuspended in 15 ml of enzyme buffer, and digested with 10 U of MspI. The digestion products were subjected to electrophoresis through a 6% acrylamide gel and the fragments were visualized using a phosphoimager.
Analysis of gonadotropin secretion. After obtaining written informed consent, a patient from each kindred (patients JWIII:7 and MH IV:1) underwent studies of gonadotropin secretion in the General Clinical Research Center at the Massachusetts General Hospital. Patient JW was studied at 26 yr of age and patient MH was studied at age 21. Testosterone therapy was discontinued for more than 8 wk before testing. Baseline frequent blood sampling (every 10 min) was performed over 24 h for measurement of LH, free ␣ -subunit (FAS), and TSH. Secretory patterns were analyzed for pulses using a modified version (PNADIR) of the Santen and Bardin method (20) . FSH was measured in hourly pools, and testosterone was determined from 6 h pools of serum. After completion of baseline sampling, each patient received pulsatile GnRH (25 ng/kg), subcutaneously by infusion pump, every 2 h for 7 d (21, 22) . Gonadotropin responses to a single intravenous pulse were monitored each day at 8 AM. LH, FSH, and FAS levels were determined at 15-min intervals for 2 h after the GnRH pulse. Serum LH and FSH concentrations were determined by radioimmunoassay (RIA) using the Second International Reference Preparation of human menopausal gonadotropins as the reference standard (23, 24) . FAS was measured by a monoclonal antibody RIA, which uses a highly purified ␣ subunit of hCG as a standard (25, 26) . Serum testosterone was also determined using RIA (27) . TSH was measured by an ultrasensitive microparticle enzyme immunoassay (28) .
Results
Mutational analyses of the DAX-1 gene. In kindred JW, the coding sequence of the DAX-1 gene was analyzed in two affected patients (IV:3, IV:4). Two DNA sequence alterations were found in exon 1 of both patients. A single base deletion at nucleotide 1219 was accompanied by a G to A substitution at nucleotide 1221 (CCGGGGGCCA ¡ CC•GAGGCCA). This combined deletion and substitution changed a glycine to glutamine at amino acid 329 and caused a frameshift alteration that leads to a premature stop codon after translating an additional 41 amino acids. Because the mutation removes an MspI restriction site, a digest of 32 P-labeled PCR products was diagnostic for the remaining 11 family members (Fig. 2 ). This analysis confirmed the presence of the mutation in all affected males and identified carrier females, one of whom (III:1) had not been recognized previously.
In kindred MH, sequence analysis of exon 1 did not reveal a mutation, but a silent T to C polymorphism was detected at nucleotide 348 (Fig. 3) . After screening multiple normal DNA samples, the polymorphism at nucleotide 348 (T or C) was con- Fig. 3) . In patient V:1, a four nucleotide (nt 1481-1484; GGAT) duplication was identified in exon 2 (ACCAGGATGACG ¡ ACCAGGATGGATGACG). This duplication converts codon 418 from Thr to Asp followed by a six amino frameshift that results in premature termination after codon 424. This mutation does not alter a restriction site, but it was found in all four subclones of the affected patient (V:1) and in four of eight subclones from his mother (IV:2), consistent with her status as an obligate heterozygote.
Baseline gonadotropin secretion. Frequent sampling of baseline gonadotropin (LH, FSH, FAS) levels was performed for 24 h to further delineate the pattern of spontaneous, endogenous gonadotropin secretion in these patients with AHC (Figs.  4 and 5) . In patient JW, mean LH and FSH levels from pooled samples were within the normal range (mean LH ϭ 8.9 IU/L; mean FSH ϭ 5.6 IU/L). Although computer algorithms detected several pulses, the LH secretory pattern was erratic, and distinct from the characteristic LH pulsatility that is seen in normal men (22) . FAS was below the limits of detection ( Ͻ 100 ng/liter) for the first half of the study, but there was a surge into the normal range, and a subsequent fall during the second half of the study (Fig. 4) . LH and FAS have been shown to be coincident in normal men (26) . Of nine detected FAS pulses, eight were coincident with LH pulses. TSH was also assayed in JW to assess whether the increase in FAS might coincide with a diurnal rise in TSH. The pulse algorithm revealed that four of nine FAS subunit pulses were coincident with TSH pulses (44%). His mean testosterone level was 127 ng/dl, which is somewhat lower than expected for the LH level.
Patient MH exhibited apulsatile LH secretion, and none of the LH values reached the normal range (Fig. 5) . Although FAS varied in an erratic manner, all of the values were within the normal range. The mean FSH level was 2.7 IU/L and testosterone was less than 10 ng/dl.
Gonadotropin responses to pulsatile GnRH. In patient JW, GnRH administration stimulated a large LH pulse on day 1 (Fig. 6) . However, on the subsequent six days, GnRH did not elicit an increase in LH secretion. Of note, FAS also failed to increase in response to pulsatile GnRH. On day 1, FAS levels declined at a time when GnRH stimulated LH secretion, and there was no evidence of FAS responses to GnRH on subsequent days. There was no change in the low level of FSH secretion throughout the time of pulsatile GnRH administration. During the seven days of pulsatile GnRH administration, tes- Figure 3 . DAX-1 mutations in kindreds JW and MH. DAX-1 is illustrated schematically. The three and one-half repeated motifs in the aminoterminal region are depicted by arrows. The carboxy terminal region is structurally similar to ligand-binding domain of members of the nuclear receptor superfamily. The two new identified mutations each result in a translational frameshift that causes premature termination of DAX-1. The G329E mutation was found in the JW kindred and the T418D mutation was found in the MH kindred. Screening of multiple DNA samples identified two polymorphisms in the aminoterminal domain of DAX-1. Figure 4 . Baseline secretory patterns of LH, free ␣-subunit (FAS), and TSH in patient JW. Gonadotropin secretion was determined by frequent sampling (q10 min) for 24 h. The shaded areas in each panel represent the meanϮ2 SD for each hormone determined in 20 normal adult males studied using the same protocol (26, 27) . Mean gonadotropin levels (including FSH) and testosterone levels from pools of samples are indicated. Pulses detected by a modified version (PNADIR) of the Santen and Bardin procedure (20) are denoted by arrowheads. tosterone levels gradually rose from 103 (day 1) to 241 ng/dl (day 7), despite the absence of detectable LH responses to GnRH. One week after completing pulsatile GnRH, patient JW received 2,000 U of hCG intramuscularly for three consecutive days to evaluate Leydig cell function. Before the first injection, serum testosterone was 70 ng/dl and increased to 679 ng/dl by day 4, confirming normal Leydig cell function.
In patient MH, neither LH nor FAS responded to pulsatile GnRH (Fig. 6 ). There was a small, but detectable rise in FSH after several days of pulsatile GnRH. Although there was a modest rise in testosterone, the levels remained low (39 ng/dl), even after seven days of treatment.
For comparison, patients with Kallmann syndrome, who are known to be selectively deficient in GnRH (22, 29, 30) , were given an identical regimen of pulsatile GnRH. The responses derived from 10 separate patients are shown in Fig. 6 .
After a clear LH response to the first dose of GnRH on day 1, responses were muted on subsequent days, but then increased between days 4 and 7, reflecting the effect of "GnRH priming." As shown previously (22, 26) , FAS provides a particularly sensitive marker of gonadotropin secretion in response to GnRH with robust responses on days 3 to 7. Mean FSH levels increased progressively in response to pulsatile GnRH.
Discussion
The identification of mutations in the DAX-1 gene as the cause of adrenal hypoplasia congenita provides an opportunity to gain new insights into the molecular pathophysiology of this disorder. Although relatively little is known at present about the function of DAX-1, it is notable that it resembles members of the nuclear receptor superfamily (15) . Specifically, the carboxy terminal region of DAX-1 is homologous with the ligand binding domain of certain "orphan" nuclear receptors, which are involved in a wide array of developmental events and metabolic functions (31) . Of note, DAX-1 lacks the characteristic zinc finger DNA binding domain which is highly conserved among true nuclear receptors. Instead, this domain is replaced by an amino terminal region that contains a series of repeated amino acid motifs, the function of which remains to be defined. Given its relationship to nuclear receptors, DAX-1 may play a role in gene transcription, and one report provides evidence that it can inhibit the action of the retinoic acid receptor (15) . Consequently, DAX-1 may be involved in a regulatory cascade that ultimately leads to normal adrenal gland development and to a functional GnRH-gonadotropin axis.
One interesting aspect of AHC is the combination of primary adrenal dysfunction and hypogonadotropic hypogonadism. There are striking similarities between the phenotype of patients with DAX-1 mutations and the characteristics of mice with targeted disruption of the Ftz-F1 gene (32) (33) (34) . The Ftz-F1 locus encodes an orphan nuclear receptor, referred to as AD4BP (35) or steroidogenic factor-1 (SF-1) (36). The SF-1 gene knockout causes failure of adrenal gland development, selective deficiency of pituitary gonadotropins, and abnormalities in male gonadal differentiation (32, 37, 38) . Defects in SF-1, therefore resemble DAX-1 mutations, although males with X-linked AHC appear to have normal gonadal development. Both SF-1 and DAX-1 are expressed in the adrenals, gonads, hypothalamus, and pituitary (15, 38-41) (Ito, M., R. Yu, J.L. Jameson, unpublished data). These observations raise the possibility that SF-1 and DAX-1 may function together as transcription factors, or in sequential steps during embryonic development.
In the two families that we studied, the identified mutations are both predicted to truncate the DAX-1 gene product. Although only a limited number of mutations have been reported, it appears that complete gene deletions, or alterations that result in frameshift mutations are relatively common in comparison to the occurrence of missense mutations (15, 16, 18) . This may reflect a propensity for recombination at this locus. Alternatively, there may be a bias of ascertainment in which the more severe mutations are found because the phenotypic characteristics are readily identified. The latter explanation has potential importance in that it raises the prospect that milder phenotypes may be more prevalent than previously recognized. The frequency of polymorphisms at this locus remains to be determined. However, we did identify two silent nucleotide substitutions in a relatively small survey of affected and normal alleles. These and other polymorphisms may be useful for linkage studies as some patients with apparent AHC do not have identified mutations in the coding sequence of DAX-1 (16) .
As summarized in Table I , there is substantial variability in the expression of adrenal insufficiency, even in patients with the same mutation in DAX-1. Although most patients present with adrenal insufficiency in infancy, patient JWIII:7 did not present until 8 yr of age, consistent with other reports of intrafamilial variability (3, 6, 8, 9) . Sills et al. (42) reported a 2-mo-old child with presumed X-linked AHC who was initially mineralocorticoid deficient, but glucocorticoid sufficient. However, adrenal function subsequently declined and he was glucocorticoid insufficient by 3 yr of age. It is possible that our patient might have had subclinical evidence of adrenal insufficiency at a younger age, but this was not investigated. These findings indicate that the abnormalities in adrenal development are variable, and as noted above, more subtle forms of this disorder could result in subclinical adrenal insufficiency or hypogonadism. At present, we are unable to assess variability in the gonadotropin axis within a kindred because only one affected male in each pedigree was postpubertal.
Whether the hypogonadotropic hypogonadism associated with DAX-1 mutations results from hypothalamic or primary pituitary dysfunction remains an unsettled issue. Initial reports documented that in most patients, there was a poor LH response, but variable FSH responses to a single injection of synthetic GnRH (3-6, 8, 43) . None of these reports clearly differentiate hypothalamic from pituitary dysfunction as patients with either type of dysfunction typically respond poorly to a single GnRH bolus (44, 45) . However, Petersen et al. (46) reported a normal LH response to IV GnRH in a 14 yr old boy with AHC and HHG, consistent with GnRH deficiency in this case. This response may be analogous to the increase in LH that we observed in patient JW upon first exposure to exogenous GnRH.
Prolonged administration of pulsatile GnRH should identify patients with a defect in hypothalamic GnRH, as this physiologic pattern of GnRH stimulation allows "priming" of the pituitary (44, 45) . However, the reports of gonadotropin responses to pulsatile GnRH are also conflicting. The GnRH treatment protocols and the overall gonadotropin responses are summarized in Table II . Primary pituitary dysfunction is supported by several reports of deficient gonadotropin responses after prolonged, pulsatile GnRH administration (9) (10) (11) (12) . Although the regimen of GnRH varies in these studies, LH responses were consistently low. In some cases, there was a gradual rise in FSH even when LH responses were absent (9, 11, 13) . Other reports support a primary hypothalamic etiology of the HHG based upon some degree of increase in gonadotropins and testosterone after prolonged administration of pulsatile GnRH (13, 14) . In the absence of genetic data, it is possible that some patients may have disorders other than DAX-1 mutations, or that different DAX-1 mutations may vary in phenotypic severity.
To assess pituitary responses to exogenous pulsatile GnRH, we used a regimen which has been shown to induce physiologic levels of LH, FSH, and testosterone in GnRH-deficient males (22) . In the Kallmann patients, LH, FAS, and FSH each showed an initial small secretory response followed by progressive increases in response to pulsatile GnRH. It is interesting to contrast the findings in patients MH and JW. Patient MH had very low baseline LH levels without typical pulses of either LH or FAS (Fig. 5) . Of note, his FAS levels were in the normal range. In contrast, in patient JW, the baseline FAS levels were low, but LH and FSH levels were in the normal range, indicating that he does not have absolute hypogonadotropic hypogonadism. However, the pattern of LH secretion was erratic and it is unclear whether the variations in measured LH are true GnRH-driven pulses or the consequence variable pituitary secretion or hormone clearance. Despite the normal levels of LH, his testosterone levels are low. We considered the possibility that the DAX-1 mutation might impair Leydig cell function, as it is known to be expressed in the testis (15, 41) (Yu, R., M. Ito, J. L. Jameson, unpublished data). However, like several other reported cases (3, 4, 6-8, 10-14, 43, 46) , he had a normal response to exogenous stimulation with hCG. It is possible that his endogenous LH has reduced biological activity. Patients with TRH deficiency have been shown to produce TSH with reduced biological activity, probably because of altered glycosylation (47) . Another possibility is that the absence of normal LH pulses alters Leydig cell responsiveness. For example, constant exposure to normal LH levels may lead to down-regulation and desensitization of LH receptors (48) .
The response of patient JW to pulsatile GnRH was unusual. He responded normally to the first GnRH pulse, but showed minimal LH secretion in response to pulses on subsequent days. It is also notable that most patients with Kallman syndrome also show an initial response to GnRH (Fig. 6) . However, the pattern of decreasing sensitivity to pulsatile GnRH is the opposite of that seen in the Kallmann patients who exhibit dramatic priming in response to pulsatile GnRH (Fig. 6) (22) . In patient JW, we suggest that there is a mixed hypothalamic and pituitary defect. In the absence of endogenous GnRH pulses, the initial GnRH response may reflect the release of small amounts of accumulated gonadotropins. However, these stores are rapidly depleted, and in the absence of effective gonadotropin biosynthesis, the gonadotropes are unable to respond to further pulses of GnRH. It is possible that longer periods of GnRH administration, or perhaps different frequencies might result in improved LH responsiveness. Nevertheless, a combined defect of GnRH and gonadotropin production would explain the findings in this patient as well as the variable responses reported in different patients (Table II) .
The pattern of free ␣ -subunit (FAS) secretion in JW was also unusual and supports a defect in gonadotropin production (Fig. 4) . FAS secretion usually correlates well with GnRHdriven LH pulses (26) . However, this pulse pattern was erratic and most pulses were relatively small. Moreover, we know that this patient does not respond well to exogenous pulsatile GnRH, making it unlikely that these are truly GnRH-driven pulses. There was also some correlation between FAS and TSH, and it is likely that some of the circulating FAS corresponds to TSH secretion from thyrotropes.
This study, combined with previous reports, reveals a great deal of phenotypic heterogeneity in this condition, and further detailed studies must be performed in patients with genetically confirmed mutations of DAX-1 to determine the full spectrum of hypothalamic-pituitary-gonadal dysfunction. Future studies of DAX-1 expression and a DAX-1 animal knockout model will provide further insight into the role of DAX-1 in AHC and it will be of great interest to determine the role of DAX-1 as a determinant of gonadotropin biosynthesis.
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